An inhomogeneous distribution of interfacial tension can induce different types of non-equilibrium spontaneous motion at the interface by convective flow, or by the solutal Marangoni effect. Several applications of the quasi-elastic laser scattering (QELS) method used to study these effects are presented here. The relationship between the interfacial tension and the non-equilibrium phenomena has been verified experimentally for each application. In a water/nitrobenzene oscillatory system with continuous surfactant addition to the interface, the local adsorption of surfactants at the interface has been demonstrated and shown to be strongly related to the presence of electrolytes. In a donor/membrane/acceptor system, the dual-beam QELS method shows that surfactant adsorption at the membrane/acceptor interface is responsible for oscillations in the electric potential. The differences in the adsorption/desorption behavior of metal complex catalysts between air/liquid and liquid/liquid interfaces were considered in the propagating chemical waves of the BelousovZhabotinsky reaction. We successfully measured the distribution of interfacial tension around a self-propelled camphor boat and an alcohol droplet floating on an aqueous phase, and compared the mechanisms of their motion.
Introduction
Spontaneous transformations and formation of patterns are ubiquitous phenomena of liquid surfaces and interfaces, for example tears of wine.
1,2 These non-equilibrium phenomena are of considerable interest not only in basic physics, chemistry, and even biology, but also in industrial processes. In non-equilibrium open systems involving surfaces or interfaces, macroscopic molecular transport is observed even in isothermal processes with the concomitant spontaneous and rhythmical formation of regular spatio-temporal patterns and the motion of objects curried in the fluid. Such systems, called dissipative dynamic systems, occur, for example, under macroscopic agitation, during the flip-motion of a liquid/liquid interface, [3] [4] [5] [6] [7] [8] or when objects display various modes of motion. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The BelousovZhabotinsky (BZ) reaction, which generates chemical oscillations in a bulk material, also produces sophisticated spatio-temporal patterns in an unstirred system. [19] [20] [21] [22] [23] [24] [25] Interfacial tension and its spatial distribution are key properties in these non-equilibrium and non-linear phenomena, since they govern molecular transport. An inhomogeneous interfacial tension distribution gives rise to a convective flow by the Marangoni effect, which is induced by a thermal gradient or a chemical content gradient. [26] [27] [28] Convective flow then occurs over the interface, from regions of low to those of high interfacial tension. Interfacial tension acts as a macroscopic thermodynamic parameter that is dependent on the free energy of the interface, and also on the amount of solute molecules adsorbed at the interface. When solute molecules are adsorbed locally onto the interface in a non-equilibrium system, the spatial distribution of the interfacial tension becomes inhomogeneous, and a solutal Marangoni convection is generated under isothermal conditions. A non-invasive, local, and versatile method for measuring interfacial tensions is therefore required to investigate such nonequilibrium phenomena.
Conventional methods of measuring interfacial tension accompany probe contacts to the interface (e.g., the Wilhelmy plate method and the Du Noüy ring method) or surface deformations (e.g., the pendant-drop method and the capillaryrise method). These techniques often perturb the effects that they seek to measure. Quasi-elastic laser scattering (QELS) 4, 5, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] method involves light scattering by capillary waves, and is one of the most useful tools for measuring interfacial tension in such non-equilibrium systems. This article describes the principle behind the QELS method, and reviews some applications of the method. To clarify the origin of the flip motion at the interface in a water/nitrobenzene oscillatory system, the local decrease in the interfacial tension was demonstrated experimentally by continuously adding sodium lauryl sulfate (SLS) as a surfactant at a water/nitrobenzene interface. In the donor/membrane/ acceptor oscillator system, oscillations in the electric potential were in phase with those in tension at the membrane/acceptor interface, indicating that local adsorption of cetyltrimethylammonium bromide (CTAB) at membrane/ acceptor interface induces Marangoni convection, followed by their rapid adsorption. 35, 37, 38 The propagating chemical wave in an unstirred BZ reaction system showed an evolution in the interfacial tension, which was compared with the evolution of the ratio of concentrations of Fe(III) to Fe(II) in the spatiotemporal pattern of the bulk phase. 36 Finally, we investigated the propulsion mechanism of two different self-propelled objects: a camphor boat and an alcohol droplet floating on an aqueous phase. The surface tension distributions around these objects were measured by QELS method and the driving forces for their motions were argued.
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The Principle of QELS Method
QELS method is based on the angle-and frequency-resolved detection of quasi-elastic light scattering by capillary waves at an interface, 4, 5, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] which is a kind of Brillouin scattering by ripplons. The capillary waves, which can have different frequencies, are generated by thermal fluctuations at the liquid surface or interface. When the excitation light, of frequency F, is irradiated onto the interface, it becomes scattered by the capillary waves. This scattered light is either blue-or redshifted to frequencies F ± fcw, where fcw is the capillary-wave frequency, because the capillary waves as Fourier components of the displacements of interfacial fluctuations work as moving gratings, accompanying the Doppler effect. At normal incidence, the scattering angle, θ, also depends on the wavelength of the propagating capillary wave, Λ, and of the scattered light, λ, and their relation is expressed as 33
In the frequency regime where gravity waves are negligible, the dispersion relation for capillary waves relates to the frequency and the wave number as
where γ is the interfacial tension and k the wave number of the capillary wave; ρ1 and ρ2 are the densities of the two phases. According to Eq. (2), the interfacial tension can be calculated from the frequency of the scattered light at a certain angle. Optical heterodyne detection can be used to determine the frequency shift of the scattered light emitted in a certain direction. An acousto-optic modulator (AOM), where the output frequency is shifted relative to the input, is often used for noise reduction. The scattered light is mixed with a local oscillator (LO), as shown in Fig 1, and a photodiode detector measures the resulting light intensity:
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Here EQELS and ELO are, respectively, the electric fields of the light scattered at the interface and of the local oscillator, F the frequency of the excitation light source and fLO the frequency shift of the local oscillator relative to the light source; φQELS and φLO are the phases of the interfacial scattering and of the local oscillator light, respectively. The capillary wave frequencies are determined with a spectrum analyzer by monitoring the intensity modulation near fLO ± fcw. The measured spectra for a capillary wave of given wave number can be fitted to a Lorentzian function to obtain fcw when the viscosity is sufficiently low. 33, 42 The excitation light source in most of our studies was a cw Nd:YVO4 laser (532 nm, Showa Optronics Co., JUNO100), and an AOM (ISOMET, 1205C-2) with an 80-MHz frequency shift was used. In the transmission geometry used in our apparatus, the excitation light is irradiated normal to the interface from the bottom of a quartz cell, and the forward-scattered light and the local oscillator light are mixed and detected by an avalanche photodiode (APD) (Hamamatsu Photonics, C5331-11). A realtime spectrum analyzer (Tektronix, RSA3303A or RSA5103A) was used to acquire the frequency spectrum. To calibrate the scattering angle and the wave number of the observed capillary wave, we used the surface tension of the air/water interface (72 mN m -1 ) at room temperature as a reference. Because a solution such as BZ reaction has a strong absorption of visible light, a near-infrared diode laser (980 nm, Thorlabs, PL980P330J), was used as the excitation light source. Light from the first-order Fraunhofer diffraction through a slit was used as the LO without an AOM because the near-infrared laser diode had a small coherent length and a small path-length difference between the excitation and LO light was required to achieve the interference needed in optical heterodyne detection.
Flip Motion in a Two-phase Oscillatory System
A system displaying regular and repeated flip motion at an interface during the continuous addition of a surfactant solution by a capillary [4] [5] [6] 35, 37 is one of the simplest reproducible interfacial oscillatory systems. Ikezoe et al. [4] [5] [6] reported that when an aqueous solution of 10 mmol L -1 SLS surfactant was introduced at a rate of 3.0 μL min -1 through a capillary at a water/ nitrobenzene interface, the electric potential oscillated in phase with the interfacial tension. The mechanism of this oscillation is explained as follows: (1) Surfactants diffuse to the interface just beneath the capillary, and become locally adsorbed at the interface. ( 2) The local adsorption of surfactants induces a decrease in the interfacial tension, resulting in the generation of Marangoni convection. The surfactant then spreads through the entire interface by convective flow, and adsorption takes place rapidly. (3) Because of excess adsorption, surfactants become distributed in the water and oil phases and at the interface while approaching an equilibrium state. Marangoni convection then gives rise to the flip motion at the interface and the adsorption of surfactant molecules at the interface results in oscillation in the electric potential. It was also found that the oscillation interval and amplitude depend on the length of the alkyl chain of the surfactant molecules and on the rate of insertion of the solution. We focused our study on the first stage of the above mechanism, i.e., direct observations by the QELS method of heterogeneity in the interfacial tension of this system. 35, 37 The role of electrolyte species in water was also investigated. We then compared the time course of the interfacial tension at two locations: one just below the capillary and the other 15 mm away from it, as shown in Fig. 2(a) . When, in a QELS experiment, the excitation light is irradiated normal to the interface in a transmission geometry, the scattered light and LO light are affected by the tip of the capillary and by the fluctuating refractive index caused by the incoming solution. Therefore, excitation light was irradiated at an angle of ~26 relative to the normal so as to avoid these interferences.
First, 16 mL of each of water and nitrobenzene solutions were introduced in layers in a 40 × 40 × 40 mm 3 quartz cell, previously treated with a 10% solution of octadecyltricholorosilane in toluene for 14 h at 4 C to achieve flat wall interfaces. An aqueous solution of SLS (10 mmol L -1 ) was added to the water phase at a rate of 3 μL min -1 through a capillary (inner diameter of 0.5 mm), placed 8 mm above the water/nitrobenzene interface. Figure 2 (b) shows the evolution of the interfacial tensions of the water/nitrobenzene interface at the contact site and 15 mm away from the contact site. Time zero corresponded to the onset of the flip motion at the interface. As soon as the interfacial tension started to decrease at the contact site, the flip motion occurred at the interface within 0.2 s, less than the time resolution of this QELS system. After the rapid drop, the interfacial tension returned to its original value within 1.2 s. In contrast, the interfacial tension at the more distant site remained constant at 19 mN m -1 . These results mean that the flip motion at the interface is caused by inhomogeneous interfacial tension, or by the generation of Marangoni convection. Dodecyl sulfate (LS -) ions supplied through the capillary become adsorbed locally at the site of contact and the resulting decrease of interfacial tension induces a solutal Marangoni convection. However, in this system without electrolytes in the water phase, even supplying LS -ions to the entire interface by convective flow does not affect the interfacial tension 15 mm away, indicating negligible adsorption at the interface.
The interfacial tension at each site showed a significantly different time course when 0.1 mol L -1 LiCl was dissolved as an electrolyte in the water phase, and a 10 mmol L -1 SLS solution was introduced via the capillary. The decrease observed 15 mm away from the contact site began within 0.5 s of the sharp decrease at the contact site, as shown in Fig. 2(c) . The interfacial tensions, at both sites, changed within 1 s of the flip motion, and did not subsequently return to their original values. It should be noted that LS -ions, supplied to the entire interface by Marangoni convection, are adsorbed rapidly in the presence of LiCl electrolytes. Further, it was found that a greater LiCl concentration produced a large drop in the interfacial tension, indicating strong adsorption at the interface. Arguably, the repulsive interaction between the polar heads of the surfactant molecules becomes screened upon the addition of the electrolytes, which would stabilize their adsorption. 37 
Spontaneous Chemical Oscillation in the Donor/Membrane/Acceptor Phase
Chemical oscillations are well known to occur in a three-phase system consisting of a donor phase with surfactants, an oil membrane phase, and an acceptor phase. Periodic pulse-like drops in the electric potential have an amplitude and an interval that depend strongly on the chemical species involved and on the constitution of the acceptor phase. A considerable number of studies have examined oscillatory liquid-membrane systems with different chemical compositions and geometries. 7, 8, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] In all of the cases studied, the surfactants in the donor phase were considered to be dissolved in the membrane phase and to transfer into the acceptor phase, but the origin of the electric potential oscillations remains controversial. 43, 46, 47 One issue in previous studies, which has caused controversy, is that interfacial tension measurements at the donor/membrane and the membrane/acceptor interfaces have never been made simultaneously. We developed the dual-beam QELS method so as to allow these simultaneous measurements at the two interfaces, and to compare them with the behavior of the electric potential in order to clarify the contribution to oscillatory behavior at each interface. A spectral separation of the capillarywave frequency was performed in terms of the wave numbers or of the emission from different angles. Figure 3(a) outlines the experimental setup of the dual-beam QELS method for simultaneous interfacial-tension measurements in a three-phase oscillator. The excitation and LO laser beams were each split into two beams by a beam splitter. Setting different irradiation angles for each LO beam allowed for the detection of capillary waves at different frequencies with different wave numbers. The light scattered in different directions at the two locations was captured by one APD, and the separate peaks could be acquired and analyzed by a real-time spectrum analyzer.
An aqueous solution of CTAB with 1-butanol, a nitrobenzene solution of tetrabutylammonium-tetraphenylborate (TBATPB) serving as a hydrophobic electrolyte, and an aqueous solution of sodium chloride (NaCl) were used as a donor phase, an oil membrane and an acceptor phase, respectively. In this threephase system, the magnitude of the interfacial tension became much larger (~9 mN m -1 ) than that (~1 mN m -1 ) in systems involving picric acid. 7, 45, 50 A plastic tube with a V-shaped deformation was inserted in order to separate the aqueous phases, similarly to a previous study. 51, 60 Figures 3(b) , 3(c) and 3(d) show the simultaneously measured time course of the interfacial tensions at the donor/membrane and at the acceptor/ membrane interfaces and of the electric potential between two aqueous phases, respectively. Oscillations in the electric potential were in phase only with those of the interfacial tension at the acceptor/membrane interface, and a strong positive correlation was found between the amplitude of the oscillations in the electric potential and the drop in the interfacial tension. On the contrary, the interfacial tension at the donor/membrane interface increased monotonously, independently of the two other curves. These experimental results clearly show that the adsorption and desorption of surfactant molecules at the acceptor/membrane interface are responsible for the electric potential oscillation. The increase in the interfacial tension in the donor/membrane interface indicates a continuous desorption of CTA + ions into the nitrobenzene phase. To verify that the pulse-like drop in the interfacial tension was due to convective flow at the membrane/acceptor interface, the convective motion was visualized using particles of black carbon powder, as shown in Fig. 4 . The particles, which initially covered the entire interface, were transported by the convective flow from just above the V-shaped deformation of the tube to the cell wall. The CTA + surfactant ions diffused through the V-shaped deformation, and were adsorbed locally at the membrane/acceptor interface just above it, leading to an imbalance in the interfacial tension there and to the generation of Marangoni convection. The latter effect spread the surfactant ions over the entire interface, where they adsorbed rapidly. Because the magnitude and interval of the drop in interfacial tension depended on the concentration of NaCl in the acceptor phase, we argue that the amount of adsorption of surfactant ions and their behavior is related to the electrolyte concentration, which is similar to that in the two-phase oscillation system.
Interfacial Tension in a Propagating Chemical Wave in the BZ Reaction
The BZ reaction 19, 20 is a well known non-equilibrium oscillatory chemical reaction that occurs in a bulk phase. The concentration ratio of the oxidized and the reduced metal-cation catalysts, such as Ce(IV)/Ce(III) or Fe(III)/Fe(II), changes periodically when organic molecules such as citric acid or malonic acid are brominated in an aqueous acidic medium. When the BZ reaction takes place without stirring, propagating chemical wave patterns appear spontaneously. It was reported previously that the concentration gradient of a metal catalyst complex induced a solutal Marangoni effect, resulting in convective flow or motion. [21] [22] [23] [24] [25] 61 To clarify the changes in the surface tension and the contribution of the Marangoni effect to the BZ reaction, surface-tension measurements were attempted for BZ reactions with or without stirring. [62] [63] [64] However, surface-tension measurements are impossible in unstirred air-liquid and liquid-liquid systems because the conventional probe used for the measurement obstructs the propagation of the chemical wave in the BZ reaction.
The non-invasive QELS method can be used to investigate the surface and interfacial tension in the BZ reaction in the absence of stirring. The results were compared with the catalyst composition ratio measured by photo-absorbance. The reagents used in the BZ reaction were 150 mmol L -1 sodium bromate, 50 mmol L -1 malonic acid, 600 mmol L -1 sulfuric acid, 6 mmol L -1 ferroin, and 30 mmol L -1 sodium bromide. We used ferroin (tris(1,10-phenanthroline)iron(II)) as a catalyst of the BZ reaction, and the redox reaction between ferroin (red color) and ferriin (tris(1,10-phenanthroline)iron(III), blue color) occurred. Ferroin complexes show stronger hydrophobicity and adsorption efficiency to the interface than ferriin complexes. The experimental configuration is shown in Fig. 5(a) . A quartz cell of dimensions 60 × 60 × 30 mm 3 was used as a reactor; the thickness of the mixture layer was approximately 1.4 mm. We used a near-infrared light source (of wavelength 980 nm) as the excitation light for QELS in order to avoid light absorption in the matrix solutions and perturbation in the BZ reaction. For the photo-absorption measurements, white light was focused on the surface and interface to a spot of 0.3 mm diameter, and the transmitted light, of wavelength 510 nm, showing maximal absorbance by ferroin complexes, was detected with a photo spectrometer (Ocean Optics, USB2000+).
In this study, we focused on the time course of the first wave of the BZ reaction, initiated by a silver wire in order to avoid any influence of the accumulated reaction products on the interfacial tension. The time evolutions of the surface tension measured at the air/liquid interface and of the absorbance at 510 nm of an unstirred ferroin-based BZ solution are shown in Figs. 5(b) and 5(c) , respectively. The time origin was defined as the time at which the chemical wave front with the blue color reached the observation points in both profiles. We observed a sharp decrease and a gradual recovery due to the BZ chemical waves during the photo-absorption measurement, which indicated a rapid increase in the concentration of ferriin through oxidation and a gradual decrease, through reduction, back to the ferroin form in the bulk solution. The variations in the surface tension were well in phase with those of the complex composition in the bulk solution; this behavior was attributed to rapid desorption and to a gradual increase in the amount of adsorbed ferroin. These results are very similar to those observed in the stirred system. 64 We used 30 mL of n-decane as the organic phase at the liquid/ liquid system in the BZ reaction because it is a nonvolatile solvent with a low activity of bromination. The interfacial tension and the bulk absorption were not in phase when the chemical wave was generated in the BZ reaction below n-decane. The interfacial tension and the absorbance of the ferroin-based chemical waves are plotted against time in Figs. 5(d) and 5(e), respectively. An increase in the interfacial tension during the propagation of the chemical wave was observed, but the peak position of the interfacial tension was delayed relative to the minimum peak of photo-absorption by an estimated time of 67 s. The interfacial tension recovered within 40 s thereafter, whereas the photo-absorbance continued to increase until 250 s. Thus, there was a significant difference between the time profiles of the interfacial tension and the photo-absorption. When we changed the ligands to 2,2′-bipyridine, which has a weaker hydrophobicity than 1,10-phenanthrolin, the delay of the peak position of the interfacial tension relative to the photo-absorbance minimum was also observed, and was shorter (30 s).
This delay can be explained by the adsorption-desorption rates of the metal-complex catalyst at the interface. When the chemical wave reached the measurement location, the catalyst complex in the bulk and at the interface became oxidized, resulting in a change in the absorbance. However, the rates of adsorption and desorption are expected to be much slower than that of the redox reaction. To evaluate the difference in behavior between the interface and the bulk, and to examine if the delay is characterized by the adsorption equilibrium, we tried to approximate the time constant of adsorption-desorption from both of the time course data by numerical calculations. By using a time constant of 64 s and an appropriate adsorption coefficient value, the peak position at 67 s and a 5 mN m -1 increase in the surface tension were obtained. This was in good agreement with the experimentally determined peak position at 67 s and the increase by approximately 5 mN m -1 in the surface tension in the case of the ferroin catalyst. The observed adsorption/desorption behavior of metal complexes at the n-decane/water interface was very different from that at the air/ water interface; this was reproduced numerically by the model by considering the rate constant of equilibrium adsorption.
Self-propelled Motions of a Camphor Boat and an Alcohol Droplet
The heterogeneity of interfacial tension and the resulting Marangoni convection directly contribute to the autonomous motion of objects floating on an aqueous phase. A well-known example is the camphor boat, a floating plate with solid camphor tablets attached at its edge. An alcohol droplet of 1-hexanol or pentanol on an aqueous solution surface also gives rise to spontaneous motion and to deformation. Both the surface tension and its gradient are believed to contribute to the behavior. The surface tension itself provides a direct driving force, propelling the objects toward regions with a high surface tension. The gradient of the surface tension around the deformed objects produces asymmetric Marangoni convection, with the strongest convective flow defining the direction of motion. Numerical simulations suggest that the difference in the surface tension between the front and rear of a camphor boat defines the dominant driving force for the autonomous motion. Marangoni convection has been taken into account only in confined systems involving camphor fragments and liquid droplets. However, the contributions of surface tension and its gradient have not been evaluated directly and simultaneously to date. The QELS method enables us to measure the time course of surface tension variation without perturbing the motion of the objects. When an object displays uniform motion and the continuous acquisition of QELS signals is possible, the surface tension, measured as a function of time, can be converted into a function of location around the moving object. To satisfy these experimental conditions, we designed and constructed a circular channel so as to allow repeated surface-tension measurements, and optimized the experimental conditions, such as the concentration of the aqueous solution and the velocity of the object, under which the motion remains constant. The camphor boat used consisted of a polyester film (thickness = 0.1 mm) with three camphor disks (diameter and thickness 3 and 1 mm, respectively) glued to the rear. The velocity of the camphor boat could be changed via the concentration of the aqueous camphor solution in the circular channel with mean circumference 325 mm. The time variation of the surface tension of aqueous 6.5 mmol L -1 camphor with a moving camphor boat along the circular channel is shown in Fig. 6(a) . 39 The mean velocity was estimated to be 26.8 mm s -1 . Regular step-like drops in surface tension, followed by a recovery to the stationary value, were observed at each passage of the camphor boat. By assuming a constant velocity of the camphor boat, the QELS data, measured at different time points in Fig. 6(a) , were mapped to produce a spatial distribution of surface tension around the camphor boat, shown in Fig. 6(b) . Positive distances correspond to locations at the front of the boat and negative values to those at the rear. There is a clear difference in the distribution of surface tension between the front and rear, with a non-zero gradient also being clearly apparent at the rear. The data in this region were fitted to an exponential function,
where x represents the distance from the camphor boat, γ0 is the stationary value of the surface tension, A is the maximum drop in surface tension, and l expresses the recovery distance to the stationary value. The autonomous motions of the camphor boat with one-dimensional motion can be expressed by a onedimensional Newtonian equation of motion, 15, 61 
where m, x, L, η, vc are the mass, the distance coordinate, the width of the floating object, resistance coefficient, the fluid velocity, respectively, and γf and γr are surface tensions at the front and rear, respectively. When undergoing uniform motion, d 2 x/dt 2 = 0, and the viscous resistance is proportional to the velocity of the camphor boat. When the fluid velocity can be characterized by Marangoni convection, Eq. (5) indicates that the dominant driving force for the motion can be analyzed in terms of relationship between the boat velocity and the difference in the surface tension between the front and the rear or the surface tension gradient. It was found that the velocity of the camphor boat depends strongly on the difference in surface tension, as shown in Fig. 6(c) , whereas the surface tension gradient, which could affect the fluid velocity, turned out to be independent on the velocity of the camphor boat. It was thus confirmed that the difference in the surface tension between the front and rear was the dominant driving force of the camphor boat motion.
An alcohol droplet of a certain volume on an aqueous solution surface is asymmetric and moves spontaneously. 40, 65, 66 As soon as a 50-μL droplet of 1-hexanol with an approximate diameter of 8 mm was formed on a surface of 0.58 vol% aqueous solution of 1-hexanol, one-directional regular motion of a droplet was induced spontaneously and continuously for more than 600 s along the circular channel. The velocity of the droplet could be controlled by changing the depth of the aqueous solution in the channel. The circular channel, with a mean circumference of 710 mm, was required and designed to observe the full recovery of the surface tension to its stationary value. The surface tension for a moving droplet travelling with a velocity of 15 mm s -1 is plotted as a function of time in Fig. 7(a) . 40 The data were mapped onto a function of distance on either side of a droplet in a similar manner to the camphor boat, as shown in Fig. 7(b) . The position of an alcohol droplet is at the origin, and positive and negative distances are associated with the front and rear of the droplet, respectively. It was found that the spatial distribution of the surface tension was asymmetric on both sides. The larger gradient at the front side indicates greater convective flow at the front, which allowed the alcohol droplet to maintain uniform motion.
Similar measurements on alcohol droplets moving at various velocities were carried out. The data were fitted to Eq. (4) and the inverse of the recovery distance was found to be proportional to the surface-tension gradient in the fitting function. As shown in Fig. 7(c) , the droplet velocity correlated strongly with the difference of the inverse of the recovery distances between the front and rear. Further, contact-angle measurements on alcohol droplets showed that the difference in surface tension between the front and rear was independent of the droplet velocity. From these results, it was concluded that the velocity of the alcohol droplet was determined predominantly by the difference in the surface tension gradient between the front and rear. Interestingly, the camphor boats and alcohol droplets have different principal driving mechanisms, despite their exhibiting similar uniform motion in the circular channel.
Conclusions
QELS method is one of the most powerful techniques for monitoring surface and interfacial tension, especially in nonequilibrium systems that involve molecular transfer in an inhomogeneous state of the surface and interface. We modified and improved the conventional QELS technique to clarify some non-equilibrium phenomena relating to autonomous convective flow. In the water/nitrobenzene oscillatory system, it is proven that the addition of surfactants in the aqueous phase through a capillary leads to an inhomogeneous distribution of interfacial tension, which in turn gives rise to Marangoni convection. The subsequent adsorption of surfactants over the entire interface occurs only in the presence of an electrolyte such as LiCl in aqueous phase. In the donor/membrane/acceptor system, the adsorption of surfactants at the membrane/acceptor interface is responsible for the electric potential oscillation, and our results can determine which of the interfaces is responsible. Our approach involved the simultaneous measurement of the interfacial tension at two different locations by dual-beam QELS method. The surface and interfacial tensions can be measured on the propagating chemical waves of the BZ reaction in an unstirred system, and it is found that the adsorption of ferroin complexes is delayed in n-decane/water system. The use of a near-infrared laser enables the measurement of the interfacial tension without interfering with the BZ reaction itself. The surface tension around a self-propelled camphor boat or an alcohol droplet can thus be measured. The time dependence of surface tension can be converted to a function of distance from the edge of the object undergoing uniform motion around a circular channel. The camphor boat is primarily driven by the difference in surface tension between the front and the rear, whereas asymmetric Marangoni convection, caused by the gradient in surface tension, is predominant for the alcohol droplets.
Although chemical reactions in heterogeneous systems involve a surface and an interface, there are still limitations of understanding about the relationship between molecular scale chemical reactions and hydrodynamic scale convections, and the motion of the objects on a solution. Because interfacial tension is linked to chemical adsorption, and can drive mechanical motion at the interfaces, the development of in situ or non-invasive measurement techniques for interfacial tension is desirable especially under non-equilibrium conditions. For example, it is still difficult to measure the interfacial tension of a self-propelled droplet, itself, although the interfacial tension around it can be measured. The development of the QELS method to achieve better temporal and spatial resolutions, and to enable simultaneous measurements at multiple locations, will open new avenues of research into more complex systems. This will contribute to better understandings of the mechanisms that give rise to the convective motion of small-scale droplets in non-equilibrium systems.
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